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 7+(5( DUH VHYHUDO FRPSOH[ SKHQRPHQD WKDW UHTXLUH WKH
GHYHORSPHQWRIGLHOHFWULF WKHRULHV([DPSOHV LQFOXGH LQWHUIDFLDO
DQGVSDFHFKDUJHPRYHPHQWDWYHU\ ORZIUHTXHQFLHVDVZHOODV
RULHQWDWLRQDO LRQLF DQG HOHFWURQLF LQWHUDFWLRQV DVVRFLDWHG ZLWK
SURFHVVHV DW SURJUHVVLYHO\ KLJKHU IUHTXHQFLHV ,Q WKH ¶V
-RQVFKHUGHYHORSHGDQHPSLULFDO DSSURDFK WR WKH VWXG\RIERWK
FRQGXFWRUV DQG LQVXODWRUV RQ WKH EDVLV RI WKHLU REVHUYHG
IUHTXHQF\GHSHQGHQWSHUPLWWLYLW\DFFRUGLQJWRDXQLYHUVDOSRZHU
ODZ>@6XEVHTXHQWO\/HZLV>@DVZHOODV'LVVDGRDQG+LOO>@
VXJJHVWHG WKDW D GLHOHFWULF PDWHULDO PD\ EH YLVXDOL]HG DV D
QHWZRUN RI SDVVLYH UHVLVWLYH DQG FDSDFLWLYH HOHPHQWV VR WKDW
UHOD[DWLRQSKHQRPHQDFDQEHDQDO\]HGXVLQJHTXLYDOHQWFLUFXLWV
6XFK SRVWXODWLRQV KDYH VLJQLILFDQWO\ UHILQHG SUHYLRXV FKDUJH
WUDQVSRUWPRGHOOLQJ DSSURDFKHV WKDWZHUH EDVHG RQ SHUFRODWLRQ
DQG VSHFWUDO GHQVLW\ WKHRULHV FROOHFWLYHO\ NQRZQ DV $UFKLH¶V
IRUPXODWLRQV RU .RKOUDXVFK:LOOLDPV:DWWV PRGHOV >@
)ROORZLQJRQ WKH IRRWVWHSVRI WKH+LOODQG'LVVDGR¶VDSSURDFK
$OPRQG¶V JURXS >@ KDYH V\VWHPDWLFDOO\ LQYHVWLJDWHG WKH
HIIHFW RI FKDQJHV LQ FLUFXLW SDUDPHWHUV RI UDQGRPO\ FRQQHFWHG
5&QHWZRUNVVWXG\LQJWKHLUFRQGXFWLYLW\DFURVVDZLGHUDQJHRI
IUHTXHQFLHV7KHLUZRUNKDVSODFHGHOHFWULFDOQHWZRUN WKHRU\DW
WKHFRUHRIFXUUHQWGLHOHFWULFWKHRULHVDQGKDVSURYLGHGLPSRUWDQW
WKHRUHWLFDO HYLGHQFH WRZDUGV WKH YDOLGLW\ RI /LFKWHQHFNHU¶V
0L[WXUH )RUPXODH¶ ZKLFK LV EDVHG RQ WKH (IIHFWLYH 0HGLXP
7KHRU\ > @$OWHUQDWLYH VWDWLVWLFDO IRUPXODWLRQV FRQILUPLQJ
-RQVFKHU¶VSRZHUODZKDYHDOVREHHQSURSRVHG>@
)ROORZLQJ WKHVH IRUPXODWLRQV DSSURSULDWH QHWZRUNV FDQ EH
GHULYHGDQGFKRLFHRIFLUFXLWSDUDPHWHUVFDQEHPDGHQRZDGD\V
WRUHSURGXFHWKHVKDSHRIWKHORVVFXUYHLQLRQLFV\VWHPVVRDVWR
SURYLGH IXUWKHU LQVLJKWV RQ FKDUJH WUDQVSRUW RQ WKH EDVLV RI
LPSHGDQFH VSHFWURVFRS\ UHVXOWV WDNLQJ DOVR LQWR FRQVLGHUDWLRQ
SRVVLEOH HOHFWURQ GDPSLQJ HIIHFWV $ SDUWLFXODUO\ XVHIXO
DSSOLFDWLRQRIWKHVHQHWZRUNVKDVEHHQLQSUHGLFWLQJPDFURVFRSLF
FRQGXFWLRQ SURSHUWLHV IRU FRPSRVLWH PDWHULDOV >@ 8SRQ
WLPH GRPDLQ H[FLWDWLRQ WKHVH QHWZRUNV DUH VKRZQ WR GLVSOD\ D
:DUEXUJ OLNH LPSHGDQFH RYHU D ZLGH UDQJH RI IUHTXHQFLHV
PDWFKLQJWKHUHVSRQVHVIRXQGLQWKHGLHOHFWULFVOLWHUDWXUH>
@ )URP D FRPSXWDWLRQDO GLHOHFWULFV SHUVSHFWLYH LW EHFRPHV
WKHUHIRUH SRVVLEOH WR V\VWHPDWLFDOO\ VWXG\ VPDOO FRPSRVLWLRQDO
FKDQJHVRIWKHVHPDWHULDOVE\FDUHIXOO\VWXG\LQJFKDQJHVLQWKHLU
HPHUJHQW SURSHUWLHV ZKLFK DUH RWKHUZLVH GLIILFXOW WR LGHQWLI\
EHFDXVH RI DQ DEVHQFH RI FOHDU UHVRQDQFH EDQGV 7R WKLV HQG
Manuscript received on 31 July 2016, in final form 27 October 2016, 
accepted 30 November 2016. Corresponding author: S. Hadjiloucas. 
DOI: 10.1109/TDEI.2017.006203
IEEE Transactions on Dielectrics and Electrical Insulation    Vol. 24, No. 2; April 2017 1141

ODUJHVFDOH5&QHWZRUNVLPXODWLRQPRGHOVFDQEHXVHGWRFDUU\
RXWFRPSXWDWLRQDOLQYHVWLJDWLRQVPRGHOLQJFRPSRVLWHHOHFWURGHV
DVVLVWLQJ RQ WKH FKDUDFWHUL]DWLRQ RI JUDLQ ERXQGDULHV SURYLGLQJ
DOWHUQDWLYH DSSURDFKHV DQG UHILQLQJ FXUUHQW GHFRQYROXWLRQ
DSSURDFKHV DV ZHOO DV SURYLGLQJ LPSURYHG ILGHOLW\ WR YDULDEOH
VORSHPRGHOV RU FRPSRVLWHPRGHOV >@ )URP DQ LQGXVWULDO
DSSOLFDWLRQVSHUVSHFWLYHVXFKVLPXODWLRQVFDQDOVREHSDUWLFXODUO\
XVHIXO ZLWKLQ D VFUHHQLQJ DQDO\VLV FRQWH[W RU IURP D TXDOLW\
FRQWUROSHUVSHFWLYH
$W\SLFDODSSURDFKIRUVFUHHQLQJDQDO\VLVFRQVLVWVRIXVLQJ
PXOWLYDULDWHFODVVLILFDWLRQ WHFKQLTXHV WRGLVFULPLQDWHEHWZHHQ
³QRUPDO´ DQG ³IDXOW\´ VDPSOHV RQ WKH EDVLV RI LQVWUXPHQWDO
PHDVXUHPHQWV 6XFK D GLVFULPLQDWLRQ LV XVHIXO ZLWKLQ WKH
FRQWH[W RI GLHOHFWULFV DV LW SURYLGHV D UDSLGPHWKRG WR FKHFN
ZKHWKHUDJLYHQVDPSOHFRQIRUPVWRDFFHSWDQFHUHTXLUHPHQWV
RIFXVWRPHUVDQGRUUHJXODWRU\DJHQFLHV6DPSOHV WKDWGRQRW
SDVV WKH VFUHHQLQJ WHVW PD\ EH VXEMHFWHG WR PRUH HODERUDWH
DQDO\VLVSURFHGXUHVLQRUGHUWRFRQILUPFRPSOLDQFHRULGHQWLI\
WKHUHDVRQVIRUQRQFRQIRUPLW\
7KHSUHVHQWSDSHULVFRQFHUQHGZLWKWKHVFUHHQLQJDQDO\VLV
RI5&QHWZRUNVZLWKUHVSHFWWRFRPSRVLWLRQDOFKDQJHVRQWKH
EDVLV RI WKH WLPHGRPDLQ UHVSRQVH WR DQ HOHFWULFDO LQSXW
H[FLWDWLRQ ,QSUHYLRXVZRUNZHGHPRQVWUDWHGWKHSRVVLELOLW\
RIGHWHUPLQLQJWKHIUDFWLRQRIFDSDFLWRUVLQWKHQHWZRUNRQWKH
EDVLV RI WLPHGRPDLQ RU IUHTXHQF\GRPDLQ GDWD >@ ZKLFK
ZHUHREWDLQHG IURPPRGHOEDVHG VLPXODWLRQV >@+RZHYHU
VXFK D SURFHGXUH LQYROYHG D PXOWLYDULDWH UHJUHVVLRQ
SURFHGXUHZKLFK UHTXLUHG WKH DYDLODELOLW\RI FDOLEUDWLRQGDWD
IURP QHWZRUNV ZLWK GLIIHUHQW IUDFWLRQV RI FDSDFLWRUV ZKLFK
PXVW EH NQRZQ a priori 0RUHRYHU WKH HIIHFWV RI SRVVLEOH
YDULDELOLWLHVLQWKHLQSXWH[FLWDWLRQZHUHQRWFRQVLGHUHGLHLW
ZDV LPSOLFLWO\DVVXPHG WKDW WKHQHWZRUNVXQGHU WHVWZHUHDOO
H[FLWHG LQ H[DFWO\ WKH VDPHPDQQHU ,Q D UHODWHG FRQIHUHQFH
SDSHU >@ZH DOVRGHPRQVWUDWHG WKHSRVVLELOLW\RIGHWHFWLQJ
FKDQJHV LQ WKH IUDFWLRQ RI UHVLVWRUV LQ DQ 5/& QHWZRUN E\
FRPSDULQJ WKH QHWZRUN RXWSXW ZLWK WKH RXWSXW RI ZDYHOHW
EDVHGPRGHOVLGHQWLILHGDWYDULRXVUHVROXWLRQOHYHOV+RZHYHU
WKH SURSRVHG WHVW SURWRFRO UHTXLUHG WKH XVH RI D ZLGHEDQG
H[FLWDWLRQ LQSXW ZLWK UHSURGXFLEOH VSHFWUDO SURILOH ZKLFK
DJDLQ PD\ QRW EH D UHDOLVWLF DVVXPSWLRQ IRU SUDFWLFDO
DSSOLFDWLRQV ,Q FRQWUDVW WKH VFUHHQLQJ PHWKRG HPSOR\HG LQ
WKH SUHVHQW ZRUN DFFRXQWV IRU UXQWRUXQ YDULDELOLW\ LQ WKH
H[FLWDWLRQZDYHIRUPDQGRQO\UHTXLUHVWKHDYDLODELOLW\RIGDWD
IURP QHWZRUNV ZLWK QRUPDO FRPSRVLWLRQ ZKLFK LQ SUDFWLFH
VLPSOLILHVWKHH[SHULPHQWDOZRUNORDGIRUPRGHOEXLOGLQJ7KH
DGRSWHG PHWKRG LV EDVHG RQ WKH WHVW VWDWLVWLFV FRPPRQO\
HPSOR\HG IRU GHWHFWLRQ RI DQRPDOLHV XVLQJ 3ULQFLSDO
&RPSRQHQW $QDO\VLV ,Q WKLV FRQWH[W WKH PDLQ FRQWULEXWLRQ
FRQVLVWVRILQWURGXFLQJDPRGHOEDVHGDSSURDFKWRDFFRXQWIRU
SRVVLEOHYDULDWLRQVLQWKHH[FLWDWLRQZDYHIRUP
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)LJXUHLOOXVWUDWHVWKH5&QHWZRUNWRSRORJ\FRQVLGHUHGLQ
WKH SUHVHQW ZRUN $OO WKH VLPXODWLRQV ZHUH FDUULHG RXW E\
XVLQJQHWZRUNVZLWKNX URZVNY FROXPQVDQGNZ 
OD\HUV ZLWK UDQGRP DOORFDWLRQ RI WKH R C HOHPHQWV $V
GHWDLOHGLQ>@WKHWRWDOQXPEHURIUHVLVWRUVDQGFDSDFLWRUVLQ
WKH QHWZRUN H[FOXGLQJ WKH VRXUFH UHVLVWRU RS LV JLYHQ E\
YXZYXXYZRC NNNNNNNNN @>  
ZKLFK LQ WKLVFDVHDPRXQWV WRNRC 7KHUHVLVWDQFHDQG
FDSDFLWDQFHYDOXHVZHUHQRUPDOL]HGWRR C DQGRS 
+HQFHIRUWKWKHIUDFWLRQRIFDSDFLWRUVLQWKHQHWZRUNZLOO
EH GHQRWHG E\ fCZLWK fC    FRUUHVSRQGLQJ WR WKH QRUPDO
FRPSRVLWLRQ $ GHWDLOHG GHVFULSWLRQ RI WKH VLPXODWLRQPRGHO
FDQEHIRXQGHOVHZKHUH>@

)LJXUH1HWZRUNWRSRORJ\
7KH LQSXWDQGRXWSXWVLJQDOVFRQVLGHUHGKHUHLQFRUUHVSRQG
WRWKHYROWDJHDQGFXUUHQWZDYHIRUPVGHQRWHGE\utDQGiSt
LQ)LJXUH7KHVLPXODWLRQVZHUHLQLWLDOO\FDUULHGRXWE\XVLQJ
DQ LQSXW H[FLWDWLRQ VLJQDO RI WKH IRUP H[S Wttu  
ZLWKDWLPHFRQVWDQWW QRUPDOL]HGXQLW)LJXUHVKRZV
WKH UHVXOWLQJ FXUUHQW ZDYHIRUPV IRU D VHW RI QHWZRUNV ZLWK
QRUPDOfC DQGDOWHUHGFRPSRVLWLRQVfC LQ)LJXUH
D DQG fC    LQ )LJXUH E 0HDVXUHPHQW LPSHUIHFWLRQV
ZHUH VLPXODWHGE\GHJUDGLQJ WKH VLJQDOVZLWKZKLWHJDXVVLDQ
QRLVH ZLWK ]HUR PHDQ DQG VWDQGDUG GHYLDWLRQ RI 
DSSUR[LPDWHO\RIWKHSHDNFXUUHQWYDOXH
'HVSLWHWKHYDULDELOLW\LQWKHZDYHIRUPVFDXVHGE\WKHUDQGRP
DOORFDWLRQ RI WKH QHWZRUN HOHPHQWV WKHUH LV D QRWLFHDEOH
GLIIHUHQFH EHWZHHQ WKH UHVSRQVHV REWDLQHG ZLWK QRUPDO EOXH
DQG DOWHUHG UHG FRPSRVLWLRQV LQ )LJXUHV D DQG E 0RUH
VSHFLILFDOO\E\FRPSDULQJWKHPHDQSURILOHVSUHVHQWHGLQ)LJXUH
F LWFDQEHVHHQ WKDWD UHGXFWLRQ LQ fC LVDVVRFLDWHG WRVPDOOHU
FXUUHQW YDOXHV LQ WKH ILUVW KDOI RI WKH JUDSK DQG ODUJHU FXUUHQW
YDOXHV LQ WKHVHFRQGKDOI ,QGHHG LQDQHWZRUNZLWKVPDOOHU fC
WKHWUDQVLHQWFXUUHQWLVVPDOOHUEHFDXVHWKHUHDUHIHZHUFDSDFLWRUV
EHLQJ FKDUJHG ,Q FRQWUDVW LQ D QHWZRUN ZLWK ODUJHU fC WKH
VWHDG\VWDWH FXUUHQW LV VPDOOHU EHFDXVH WKH FKDUJHG FDSDFLWRUV
EORFNWKHIORZRIFXUUHQW
$GGLWLRQDO LQVLJKW LQWR WKH GLIIHUHQFHV EHWZHHQ WKH FXUUHQW
SURILOHV FDQ EH JDLQHG E\ FDOFXODWLQJ D QRUPDOL]HG GLIIHUHQFH
LQGH[DWHDFKWLPHtDV
@>VWG
_@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@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
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FDQ EH VHHQ LQ WKH LQVHW RI )LJXUH F IRU fC    WKH
GLIIHUHQFHV ZLWK UHVSHFW WR WKH QRUPDO FDVH DUH PRUH
SURQRXQFHGDWWKHYHU\EHJLQQLQJRIWKHUHVSRQVH,QFRQWUDVW
IRUfC WKHODUJHVWQRUPDOL]HGGLIIHUHQFHVDUHIRXQGQHDU
WKHSHDNWLPH



)LJXUH  D E 5HVSRQVHV RI QHWZRUNV ZLWK QRUPDO DQG DOWHUHG
FRPSRVLWLRQV WR WKH LQSXW VLJQDO VKRZQ LQ WKH LQVHW F0HDQSURILOHV LQVHW
VKRZVQRUPDOL]HGGLIIHUHQFHVZLWKUHVSHFWWRWKHQRUPDOFDVH
,1387:$9()2509$5,$%,/,7<
,QRUGHUWRLQYHVWLJDWHWKHHIIHFWRIYDULDELOLWLHVLQWKHLQSXW
ZDYHIRUP QHZ VLPXODWLRQV ZHUH FDUULHG RXW E\ XVLQJ D
GLIIHUHQW LQSXW VLJQDO WR H[FLWH HDFK RI WKH QHWZRUNV ZLWK
QRUPDO DQG DOWHUHG FRPSRVLWLRQV 7KHVH LQSXW VLJQDOV ZHUH
JHQHUDWHG ZLWK UDQGRP WLPH FRQVWDQW YDOXHV GLVWULEXWHG
XQLIRUPO\LQWKHUDQJHIURPW WRW $VVKRZQ
LQ)LJXUHVDDQGEWKHGLVFULPLQDWLRQEHWZHHQWKHUHVSRQVHV
RIQHWZRUNVZLWKQRUPDOEOXHDQGDOWHUHGUHGFRPSRVLWLRQ
LVQRWVRHYLGHQWDVLQ)LJXUHDDQGE,QGHHGDOWKRXJKWKH
DYHUDJH FXUUHQW ZDYHIRUPV )LJXUH F DUH VLPLODU WR WKRVH
SUHVHQWHG LQ )LJXUH F WKH QRUPDOL]HG GLIIHUHQFHV LQVHW LQ
)LJXUH F DUHPXFK VPDOOHU GXH WR WKH ODUJHU YDULDELOLW\ RI
WKHFXUUHQWYDOXHVDW HDFK WLPH t ,Q WKHFDVHRI fC  WKH
ODUJH LQLWLDOSHDNRI WKHQRUPDOL]HGGLIIHUHQFH LQ WKH LQVHWRI
)LJXUH F ZDV VXEVWDQWLDOO\ UHGXFHG 7KLV FKDQJH FDQ EH
DWWULEXWHGWRWKHODUJHUYDULDELOLW\LQWKHLQLWLDOFXUUHQWYDOXHV



)LJXUH  D E 5HVSRQVHV RI QHWZRUNV ZLWK QRUPDO DQG DOWHUHG
FRPSRVLWLRQVLQWKHSUHVHQFHRILQSXWYDULDELOLW\VHHLQVHWF0HDQSURILOHV
LQVHWVKRZVQRUPDOL]HGGLIIHUHQFHVZLWKUHVSHFWWRWKHQRUPDOFDVH
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02'(/,'(17,),&$7,21$1'
*(1(5$7,212)5(6,'8$/6,*1$/6
7KHPHWKRGSURSRVHGKHUHLQWRDFFRXQWIRUYDULDWLRQVLQWKH
H[FLWDWLRQ ZDYHIRUP FRQVLVWV RI REWDLQLQJ D UHSUHVHQWDWLYH
PRGHO IRU 5& QHWZRUNV ZLWK QRUPDO FRPSRVLWLRQ DQG
VXEVHTXHQWO\ DQDO\]LQJ WKH GLIIHUHQFH EHWZHHQ WKH PRGHO
RXWSXW DQG WKH UHVSRQVH RI WKH QHWZRUN XQGHU WHVW )RU WKLV
SXUSRVHDGLVFUHWHWLPHPRGHOIRUWKHG\QDPLFVRIWKHQHWZRUN
FDQEHZULWWHQLQVWDWHVSDFHIRUPDV
      k T kT u kT  ] $] %      
     Si kT kT Du kT &[       
ZKHUHT LV WKH VDPSOLQJ SHULRGkT GHQRWHV WKH kWK VDPSOLQJ
WLPHDQG]kTnLVDVWDWHYHFWRU,QWKHSUHVHQWZRUNWKH
PRGHOPDWULFHV$nun%nu&unDZHUH
REWDLQHGE\XVLQJVXEVSDFHLGHQWLILFDWLRQ>@RQWKHEDVLVRI
YROWDJHutDQGFXUUHQW iStVLJQDOVDFTXLUHGE\VLPXODWLQJD
VHW RI GLIIHUHQW QHWZRUNV ZLWK QRUPDO FRPSRVLWLRQ 7KLV
LGHQWLILFDWLRQWHFKQLTXHHPSOR\VREOLTXHSURMHFWLRQRSHUDWLRQV
LQYROYLQJ WKH LQSXWRXWSXWGDWD IROORZHGE\DVLQJXODUYDOXH
GHFRPSRVLWLRQ RI WKH SURMHFWLRQ UHVXOW ,Q WKH DEVHQFH RI
QRLVH WKH QXPEHU RI QRQ]HUR VLQJXODU YDOXHV LV HTXDO WR WKH
WUXH RUGHU n RI WKH V\VWHP ,Q WKH SUHVHQFH RI QRLVH DQ
HVWLPDWH IRU WKH V\VWHP RUGHU FDQ EH REWDLQHG E\ UHWDLQLQJ
RQO\WKHVLQJXODUYDOXHVWKDWDUHVLJQLILFDQWO\ODUJHUWKDQ]HUR
>@
7KH PRGHO WKXV REWDLQHG ZDV HPSOR\HG WR JHQHUDWH D
UHVLGXDOVLJQDOrkTDV
 ˆ  ]               
      ˆ ˆk T kT u kT  ] $] %      
     Sˆ ˆi kT kT Du kT &]       
Ö kTikTikTr SS         
ZKHUH WKH KDW V\PERO GHQRWHV TXDQWLWLHV FDOFXODWHG E\
VLPXODWLQJWKHPRGHOIRUDJLYHQYROWDJHZDYHIRUPukT,WLV
DVVXPHGWKDWWKHQHWZRUNVDUHH[FLWHGIURPDUHVWLQJVWDWHDQG
WKXV  ˆ  ] 
3&$6&5((1,1*0(7+2'
7KH VFUHHQLQJ PHWKRG DGRSWHG LQ WKLV ZRUN LV EDVHG RQ
3ULQFLSDO &RPSRQHQW $QDO\VLV 3&$ XVLQJ HLWKHU WKH 5&
QHWZRUN UHVSRQVH is HOHFWULFDO FXUUHQW ZDYHIRUP RU WKH
UHVLGXDO VLJQDO r ,W LV DVVXPHG WKDW D WUDLQLQJ VHW ZLWK GDWD
IURP N QHWZRUNV RI QRUPDO FRPSRVLWLRQ DFTXLUHG RYHU K
VDPSOLQJLQVWDQWVLVDUUDQJHGLQWKHIRUPRIDPDWUL[;WUDLQN
u K (DFK URZ RI WKLV PDWUL[ FRUUHVSRQGV WR DQ HOHFWULFDO
FXUUHQWZDYHIRUPRULQWKHFDVHRIWKHPRGHOEDVHGDSSURDFK
WR WKH UHVLGXDO VLJQDO ,W LV DVVXPHG WKDW WKH GDWD KDYH EHHQ
PHDQFHQWHUHGDVXVXDOLQ3&$FDOFXODWLRQV
3&$GHFRPSRVHVWKHPDWUL[;WUDLQLQWKHIRUP>@
;WUDLQ 73T(         
ZKHUH7NuR3KuRDQG(KuRDUHWKHPDWULFHVRI
VFRUHVORDGLQJVDQGUHVLGXHVUHVSHFWLYHO\IRUDJLYHQQXPEHU
RIRSULQFLSDOFRPSRQHQWV
7KHYHFWRUVRIVFRUHVWWHVWRuDQGUHVLGXHVHWHVWKu
IRUDQHZGDWDYHFWRU[WHVWKuDUHFDOFXODWHGDV
WWHVW 3T[WHVW           

HWHVW [WHVWí3WWHVW        
7ZRVWDWLVWLFVDUHFRPPRQO\XVHGWRFKHFNWKHFRQVLVWHQF\
RI WKH WHVW GDWDZLWK WKH QRUPDO WUDLQLQJ VHW7KHD VWDWLVWLF
ZKLFKFRUUHVSRQGVWR+RWHOOLQJ¶V7PHWULFZLWKLQWKHUHGXFHG
VSDFH RI SULQFLSDO FRPSRQHQWV LV FDOFXODWHG IURP WKH YHFWRU
RIVFRUHVWWHVWDV>@
D WWHVWT67íWWHVW        
ZKHUH67LVWKHFRYDULDQFHPDWUL[RIWKHVFRUHVREWDLQHGIURP
WKHWUDLQLQJGDWDLH
7
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
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N
 6 7 7         
,W LV ZRUWK QRWLQJ WKDW 67 LV GLDJRQDO GXH WR WKH
RUWKRJRQDOLW\RIWKHVFRUHV>@7KHUHIRUHWKHDVWDWLVWLFFDQ
DOVREHH[SUHVVHGDV>@
WHVW 

 
i
R
i
2
ti
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s 
 ¦         
ZKHUH WHVWit  LV WKH iWK VFRUH RI WKH WHVW REMHFW DQG its  LV WKH
DVVRFLDWHGYDULDQFHRItiLQWKHWUDLQLQJVHW
7KH SPE 6TXDUHG 3UHGLFWLRQ (UURU VWDWLVWLF LV FDOFXODWHG
IURPWKHYHFWRURIUHVLGXHVHWHVWDV>@
SPE HWHVWTHWHVW       
7KH GHWHFWLRQ WKUHVKROG LD IRU WKH D VWDWLVWLF FDQ EH
FDOFXODWHGDV>@
    D
R NL F R,N R
N N R D
      
ZKHUH  F R,N RD   LV WKHFULWLFDOYDOXHRI DQFGLVWULEXWLRQ
ZLWKRDQGN íRGHJUHHVRIIUHHGRPDWDJLYHQVLJQLILFDQFH
OHYHOD
$VGLVFXVVHGLQ>@DGHWHFWLRQWKUHVKROGLSPEIRUWKHSPE 
VWDWLVWLFFDQEHFDOFXODWHGIRUDJLYHQVLJQLILFDQFHOHYHODE\
XVLQJDQDSSUR[LPDWHGLVWULEXWLRQGHULYHGLQ>@
+HUHLQDQHOHFWULFDO UHVSRQVHZLOOEHFRQVLGHUHGQRUPDO LI
DQG RQO\ LI ERWK VWDWLVWLFV D DQG SPE DUH EHORZ WKH
FRUUHVSRQGLQJ GHWHFWLRQ WKUHVKROGV 7KH QXPEHU RI SULQFLSDO
FRPSRQHQWV R HPSOR\HG LQ WKH DQDO\VLVZLOO EH VHOHFWHG LQ
RUGHUWRH[SODLQRIWKHYDULDQFHLQWKHWUDLQLQJGDWDVHW
,W LVZRUWKQRWLQJ WKDW WKHVHVWDWLVWLFVDUHRIWHQXVHG LQ WKH
FRQWH[W RI PXOWLYDULDWH VWDWLVWLFDO SURFHVV FRQWURO 063&
+RZHYHU WKH IROORZLQJGLVWLQFWLRQVKRXOGEHSRLQWHGRXW ,Q
W\SLFDO 063& DSSOLFDWLRQV WKH D DQG SPE VWDWLVWLFV DUH
FDOFXODWHGIURPPHDVXUHPHQWVRIVHYHUDOVHQVRUVDWHDFKWLPH
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
LQRUGHU WRGHWHFWSURFHVVDEQRUPDOLWLHV ,Q WKHSUHVHQWZRUN
WKHVHVWDWLVWLFVDUHFDOFXODWHGIRUDQHQWLUHZDYHIRUPDFTXLUHG
IURPDVLQJOHVHQVRURYHUDIL[HGWLPHZLQGRZ
,WLVDOVRZRUWKQRWLQJWKDWWKHSURSRVHGXVHRIDVWDWHVSDFH
PRGHOLQ6HFWLRQLVQRWDLPHGDWUHPRYLQJDXWRFRUUHODWLRQV
ZLWKLQWKHPHDVXUHGVLJQDODVLQVWDQGDUG063&DSSOLFDWLRQV
>@ EXW UDWKHU DW DFFRXQWLQJ IRU FKDQJHV LQ WKH LQSXW
H[FLWDWLRQZDYHIRUP
3(5)250$1&(0(75,&6
)ROORZLQJ WKHXVXDO WHUPLQRORJ\ LQ VFUHHQLQJDQDO\VLV WKH
WHUPV ³QHJDWLYH´ DQG ³SRVLWLYH´ ZLOO EH XVHG WR LQGLFDWH
QHWZRUNVZLWK QRUPDO DQG DOWHUHG FRPSRVLWLRQ UHVSHFWLYHO\
$ ³IDOVH QHJDWLYH´ ZLOO UHIHU WR D QHWZRUN ZLWK DOWHUHG
FRPSRVLWLRQ ZKLFK SDVVHG WKH VFUHHQLQJ WHVW LH ZDV QRW
GHWHFWHG DV EHLQJ DEQRUPDO ,Q FRQWUDVW D ³IDOVH SRVLWLYH´
ZLOO UHIHU WR D QHWZRUNZLWK QRUPDO FRPSRVLWLRQZKLFKZDV
LQFRUUHFWO\ GHWHFWHG DV KDYLQJ DQ DOWHUHG FRPSRVLWLRQ LH D
IDOVHDODUP
7KH )DOVH 1HJDWLYH 5DWH FNR DQG )DOVH 3RVLWLYH 5DWH
FPR REWDLQHG IRU D JLYHQ WHVW VHW ZLWK nP SRVLWLYH DQG nN 
QHJDWLYHREMHFWVDUHGHILQHGDV
P
FNFNR
n
 
N
FPFPR
n
       
ZKHUHFN DQG FPDUHWKHQXPEHURIIDOVHQHJDWLYHVDQGIDOVH
SRVLWLYHV UHVSHFWLYHO\ 7KH 6HQVLWLYLW\ SEN PHWULF LV
FDOFXODWHGIURPWKHFNRDV SEN FNR  
,W LV ZRUWK QRWLQJ WKDW WKH PD[LPL]DWLRQ RI SEN DQG WKH
PLQLPL]DWLRQ RI FPR DUH FRQIOLFWLQJ REMHFWLYHV ,QGHHG E\
GHFUHDVLQJWKHGHWHFWLRQWKUHVKROGDODUJHUQXPEHURISRVLWLYH
VDPSOHVZLOOEHGHWHFWHGLHSENZLOOJHW ODUJHUDW WKHFRVW
RI D ODUJHU QXPEHU RI IDOVH SRVLWLYHV 7KH UHODWLRQ EHWZHHQ
WKHVH WZRPHWULFV FDQ EH HYDOXDWHG E\ YDU\LQJ WKH WKUHVKROG
DQG SORWWLQJ D FXUYH RI SEN YHUVXV FPR ZKLFK LV RIWHQ
WHUPHG 5HFHLYHU 2SHUDWLQJ &KDUDFWHULVWLF ROC FXUYH >@
ROC FXUYHV DUH FRQYHQLHQW WR FRPSDUH GLIIHUHQW GHWHFWLRQ
PHWKRGVVLQFHWKHSHUIRUPDQFHHYDOXDWLRQLVQRWUHVWULFWHGWR
DIL[HGWKUHVKROGYDOXH0RUHVSHFLILFDOO\ROCFXUYHVFORVHU
WRWKHSEN  KRUL]RQWDOOLQHDUHGHVLUDEOHDVWKH\LQGLFDWHD
ODUJHUSEN YDOXHIRUDJLYHQFPR$PHWULFXVXDOO\HPSOR\HG
LQWKLVFRPSDULVRQLVWKHDUHDXQGHUWKHROCFXUYHAUC$Q
AUCFORVHUWRLQGLFDWHVDEHWWHUGHWHFWLRQFDSDELOLW\
,Q ZKDW IROORZV DOO WKH SHUIRUPDQFH PHWULFV ZLOO EH
H[SUHVVHG LQSHUFHQWYDOXHV7KH UHVXOWVZHUHREWDLQHGXVLQJ
WKH0DWODEDVRIWZDUHSODWIRUP
5(68/76$1'',6&866,21
7KH WUDLQLQJ VHW FRQVLVWHG RI  QHWZRUNV ZLWK QRUPDO
FRPSRVLWLRQ fC    7KH VFUHHQLQJ DQDO\VLV SHUIRUPDQFH
ZDV HYDOXDWHG E\ XVLQJ WHVW VHWV FRQVLVWLQJ RI RWKHU 
QHWZRUNVZLWKQRUPDOFRPSRVLWLRQ fC DVZHOODV
QHWZRUNV RI DOWHUHG FRPSRVLWLRQ )LJXUH  SUHVHQWV WKH
UHVXOWLQJ SPE YV D SORWV IRU WHVW VHWV LQ ZKLFK WKH DOWHUHG
FRPSRVLWLRQZDVVHWWRfC WRSSORWDQGfC ERWWRP
SORW7KHQRUPDO WHVWQHWZRUNVZHUHWKHVDPHLQERWKFDVHV
$V FDQ EH VHHQ WKH QHWZRUNV ZLWK DOWHUHG FRPSRVLWLRQ DUH
DVVRFLDWHG WR ODUJHU YDOXHV RI SPE DQGRUD %\ VHWWLQJ WKH
VLJQLILFDQFH OHYHO WR Į    SEN YDOXHV RI  DQG
ZHUHREWDLQHGIRUWKHWHVWQHWZRUNVZLWKfC DQGfC
 UHVSHFWLYHO\7KHFPRYDOXHIRU WKH WHVWQHWZRUNVZLWK
QRUPDOFRPSRVLWLRQZDV



)LJXUHSPEvs DSORWVREWDLQHGE\DSSO\LQJ3&$WRWKHQHWZRUNUHVSRQVHV
R   3&V7KHYHUWLFDO DQGKRUL]RQWDO GDVKHG OLQHV LQGLFDWH WKH WKUHVKROG
YDOXHVDWDVLJQLILFDQFHOHYHOĮ 7KHLQVHWVSUHVHQWDQHQODUJHGYLHZRI
WKHUHFWDQJOHDWWKHERWWRPOHIWFRUQHURIHDFKSORWUHJLRQRIQRUPDOREMHFWV
)LJXUH  SUHVHQW WKH SPE vs D SORWV REWDLQHG LQ WKH
SUHVHQFH RI YDULDELOLW\ LQ WKH LQSXW H[FLWDWLRQZDYHIRUP$V
FDQEHVHHQWKHGLVFULPLQDWLRQEHWZHHQQHWZRUNVZLWKQRUPDO
DQG DOWHUHG FRPSRVLWLRQ EHFRPHV PRUH GLIILFXOW ,QGHHG E\
NHHSLQJ Į    WKHFPR YDOXH IRU WKH WHVW QHWZRUNVZLWK
QRUPDOFRPSRVLWLRQZDVFORVHWRWKHYDOXHRI
REWDLQHG LQ WKH DEVHQFH RI LQSXW YDULDELOLW\ EXW WKH SEN
YDOXHV H[KLELWHG D VXEVWDQWLDO GHFUHDVH WR  DQG 
IRU WKH WHVWQHWZRUNVZLWK fC DQG fC  UHVSHFWLYHO\
,QWHUHVWLQJO\ WKHUHGXFWLRQ LQSENZDVPRUHSURQRXQFHGIRU
WKH QHWZRUNV ZLWK fC    FRPSDUHG WR WKH QHWZRUNV ZLWK
fC  6XFKDILQGLQJFDQEHH[SODLQHGLQWHUPVRIWKHODUJHU
LPSDFW RI WKH LQSXW YDULDELOLW\ LQ WKH FDVH fC    DV
PHQWLRQHGLQWKHGLVFXVVLRQRI)LJXUH
,Q RUGHU WR DFFRXQW IRU WKH LQSXW ZDYHIRUP YDULDELOLW\
VXEVSDFH LGHQWLILFDWLRQ ZDV HPSOR\HG WR REWDLQ D QRPLQDO
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PRGHOIRUWKHQHWZRUNVZLWKQRUPDOFRPSRVLWLRQ$QGRUGHU
PRGHOZDVDGRSWHG LQDJUHHPHQWZLWKWKHGHIDXOWVHWWLQJVRI
WKHFRPSXWDWLRQDOSDFNDJHHPSOR\HGLQWKHLGHQWLILFDWLRQ



)LJXUHSPE vs DSORWVREWDLQHGE\DSSO\LQJ3&$WRWKHQHWZRUNUHVSRQVHV
R 3&V LQ WKHSUHVHQFHRI LQSXWYDULDELOLW\7KHYHUWLFDODQGKRUL]RQWDO
GDVKHG OLQHV LQGLFDWH WKH WKUHVKROGYDOXHVDWDVLJQLILFDQFHOHYHO   Į 
7KHLQVHWVSUHVHQWDQHQODUJHGYLHZRIWKHUHFWDQJOHDWWKHERWWRPOHIWFRUQHU
RIHDFKSORWUHJLRQRIQRUPDOREMHFWV
)LJXUH SUHVHQWV WKH UHVLGXDO VLJQDOVREWDLQHG IRU WKH WHVW
QHWZRUNV $V FDQ EH VHHQ WKHUH LV QRZ D PRUH FOHDU
GLVWLQFWLRQ EHWZHHQ WKH QHWZRUNV ZLWK QRUPDO EOXH DQG
DOWHUHG UHG FRPSRVLWLRQ FRPSDUHG WR )LJXUH  ,W LVZRUWK
QRWLQJ WKDW WKH UHVLGXDO VLJQDOV IRU WKH WHVW VHW RI QHWZRUNV
ZLWK QRUPDO FRPSRVLWLRQ JUHHQ DUH VLPLODU WR WKRVH RI WKH
WUDLQLQJVHW
7KHGLIIHUHQFHEHWZHHQWKHUHVLGXDOVLJQDOVREWDLQHGIRUWKH
QHWZRUNVZLWKQRUPDODQGDOWHUHGFRPSRVLWLRQLVDOVRDSSDUHQW
LQ )LJXUH  7KLV ILJXUH SUHVHQWV WKH PHDQ SURILOHV RI WKH
UHVLGXDOVLJQDOVDQGWKHQRUPDOL]HGGLIIHUHQFHVLQVHWZKLFK
ZHUHFDOFXODWHGE\XVLQJHTXDWLRQZLWKWKHUHVLGXDOVLJQDOV
LQVWHDGRIWKHFXUUHQWZDYHIRUPV%\FRPSDULQJWKHVHUHVXOWV
ZLWK WKRVHSUHVHQWHG LQ WKH LQVHWRI)LJXUHF LWFDQEHVHHQ
WKDWWKHXVHRIUHVLGXDOVLJQDOVSURYLGHGDVXEVWDQWLDOLQFUHDVH
LQWKHQRUPDOL]HGGLIIHUHQFHLQGH[
7KH EHWWHU GLVFULPLQDWLRQ EHWZHHQ WKH QHWZRUNV ZLWK
QRUPDO DQG DOWHUHG FRPSRVLWLRQV LV DOVR DSSDUHQW LQ WKHSPE
YV D SORWV SUHVHQWHG LQ )LJXUH  ,QGHHG WKH SEN YDOXHV
LQFUHDVHGWRDQGIRUWKHWHVWQHWZRUNVZLWKfC 
DQGfC UHVSHFWLYHO\ZKHUHDVWKHFPRYDOXHUHPDLQHG
DW




)LJXUH  5HVLGXDO VLJQDOV REWDLQHG E\ XVLQJ WKH LGHQWLILHG PRGHO
&RPSDULVRQEHWZHHQWUDLQLQJDQGWHVWVHWV
7KHDGYDQWDJHRIXVLQJ WKHSURSRVHGPRGHOEDVHGPHWKRG
WRDFFRXQWIRUWKHLQSXWYDULDELOLW\LVDOVRGHPRQVWUDWHGE\WKH
ROCFXUYHVSUHVHQWHGLQ)LJXUH6XFKFXUYHVZHUHREWDLQHG
E\ FDOFXODWLQJ SEN DQG FPR IRU GLIIHUHQW YDOXHV RI WKH
VLJQLILFDQFHOHYHOĮ%\FRPSDULQJWKHEODFNDQGEOXHFXUYHV
LW FDQ EH VHHQ WKDW WKH SUHVHQFH RI YDULDELOLW\ LQ WKH LQSXW
ZDYHIRUP GHJUDGHV WKH GHWHFWLRQ FDSDELOLW\ VLQFH SEN
EHFRPHVVPDOOHUIRUDQ\JLYHQFPR+RZHYHUWKLVSUREOHPLV
PLWLJDWHG E\ XVLQJ WKH SURSRVHG PRGHOEDVHG PHWKRG UHG
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FXUYHZKLFKSURYLGHV DQ LPSURYHPHQW LQSENZLWK UHVSHFW
WR WKH VROH XVH RI WKH HOHFWULFDO FXUUHQW ZDYHIRUPV EOXH
FXUYH

)LJXUH  0HDQ SURILOHV RI WKH UHVLGXDO VLJQDOV REWDLQHG E\ XVLQJ WKH
LGHQWLILHGPRGHOLQVHWVKRZVQRUPDOL]HGGLIIHUHQFHZLWKUHVSHFWWRWKHQRUPDO
FDVH



)LJXUHSPEYVDSORWVREWDLQHGE\DSSO\LQJ3&$WRWKHUHVLGXDOVLJQDOVR
   3&V LQ WKH SUHVHQFH RI LQSXW YDULDELOLW\ 7KH YHUWLFDO DQG KRUL]RQWDO
GDVKHGOLQHVLQGLFDWHWKHWKUHVKROGYDOXHVDWDVLJQLILFDQFHOHYHOĮ 7KH
LQVHWV SUHVHQW DQ HQODUJHGYLHZRI WKH UHFWDQJOH DW WKHERWWRP OHIW FRUQHURI
HDFKSORWUHJLRQRIQRUPDOREMHFWV


)LJXUH52& FXUYHVREWDLQHGE\YDU\LQJWKHVLJQLILFDQFHOHYHOĮ
)LJXUHSUHVHQWVWKHDUHDXQGHUWKHROCFXUYHAUCIRU
GLIIHUHQWYDOXHVRIWKHIUDFWLRQRIFDSDFLWRUVfCLQWKHQHWZRUNV
ZLWKDOWHUHGFRPSRVLWLRQ$VH[SHFWHGODUJHUGHYLDWLRQVRIfC
IURPWKHQRUPDOVHWWLQJfC UHVXOWLQODUJHUAUCYDOXHV
JHWWLQJFORVHUWRWKHLGHDOYDOXHAUC 7KHSUHVHQFH
RI LQSXW YDULDELOLW\ EOXH FXUYH FDXVHV D UHGXFWLRQ LQAUC
FRPSDUHG WR WKH FDVHZLWKRXW LQSXWYDULDELOLW\ EODFNFXUYH
7KLVUHGXFWLRQLVPRUHSURPLQHQWIRUVPDOOHUfCYDOXHVZKLFK
LVLQDJUHHPHQWZLWKWKHSUHYLRXVFRPPHQWVUHJDUGLQJ)LJXUH
DQG)LJXUH7KHSURSRVHGPRGHOEDVHGPHWKRGUHGFXUYH
SURYLGHV D V\VWHPDWLF LPSURYHPHQW ZLWK UHVSHFW WR WKH VROH
XVHRI WKHFXUUHQWZDYHIRUPV EOXHFXUYH OHDGLQJ WR UHVXOWV
WKDW DUH FORVHU WR WKRVH REWDLQHG LQ WKH DEVHQFH RI LQSXW
YDULDELOLW\EODFNFXUYH
)LQDOO\DQLQYHVWLJDWLRQZDVFDUULHGRXWWRDVVHVVWKHHIIHFW
RI WKH QHWZRUN VL]H RQ WKH FDSDELOLW\ RI GHWHFWLQJ PLQXWH
FKDQJHV LQ LWV FRPSRVLWLRQ $V SUHYLRXVO\ PHQWLRQHG WKH
QHWZRUNGHSLFWHG LQ)LJXUHKDVD WRWDORIFRPSRQHQWV
6PDOOHUQHWZRUNVRIFRPSRQHQWVNX NY NZ 
DQGODUJHUQHWZRUNVRIFRPSRQHQWVNX NY NZ 
ZHUH JHQHUDWHG E\ YDU\LQJ WKH QHWZRUN GLPHQVLRQVZKLOH
NHHSLQJ WKHVDPHUDWLREHWZHHQWKHQHWZRUNOHQJWKDORQJWKH
XGLUHFWLRQDQGLWVFURVVVHFWLRQDUHD
)LJXUHSUHVHQWVDJUDSKRIWKHUHVXOWLQJ$8&YDOXHVIRU
VPDOO FKDQJHVRI FRPSRVLWLRQDURXQG WKHQRPLQDOYDOXH fC 
)RUWKHQHWZRUNVRIDQGFRPSRQHQWVWKHfCYDOXHV
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
)LJXUH$UHDXQGHUWKHROCFXUYHIRUGLIIHUHQWYDOXHVRIfC

ZHUHYDULHGEHWZHHQDQGZLWKLQFUHPHQWV
)RU WKH QHWZRUNV RI  FRPSRQHQWV WKH fC YDOXHV ZHUH
YDULHGZLWKDQLQFUHPHQWRIu7KHQXPEHURIFDSDFLWRUV
ZDVDOZD\VURXQGHGWRWKHQHDUHVWLQWHJHUZKLFKUHVXOWHGLQD
TXDQWL]DWLRQRIWKHfCYDOXHV(DFKTXDQWL]HGfC ZDVDVVRFLDWHG
WR D JURXS RI $8& YDOXHV ZLWK D FRUUHVSRQGLQJ PHDQ DQG
VWDQGDUG GHYLDWLRQ V 7KH HUURU EDUV LQ )LJXUH  LQGLFDWH
rV LQWHUYDOV ,W LV ZRUWK QRWLQJ WKDW D GHWHFWRU ZLWK VRPH
DELOLW\ WR GLVFULPLQDWH EHWZHHQ VDPSOHV ZLWK QRUPDO DQG
DOWHUHGFRPSRVLWLRQPXVWKDYHDQ$8&ODUJHUWKDQ>@
7KHUHIRUH WKH OLPLWV RI GHWHFWLRQ SUHVHQWHG LQ WKH LQVHWV
ZHUHREWDLQHGDV WKHVPDOOHVWGHYLDWLRQV IURPWKHQRPLQDO fC 
YDOXHEH\RQGZKLFKWKHHQWLUHHUURUEDUVZHUHDERYH
7KHUHVXOWVLQ)LJXUHFRUURERUDWHWKHSUHYLRXVGLVFXVVLRQ
UHJDUGLQJ)LJXUH0RUHRYHULWFDQEHVHHQWKDWDQLQFUHDVH
LQ WKH QHWZRUN VL]H IDFLOLWDWHV WKH GHWHFWLRQRI FRPSRVLWLRQDO
FKDQJHV LQ WKHDEVHQFHRI LQSXWYDULDELOLW\ EODFNFXUYHVDV
LQGLFDWHG E\ WKH UHGXFWLRQ LQ WKH OLPLWV RI GHWHFWLRQ )RU
QHWZRUNVZLWKFRPSRQHQWVFKDQJHVRIrLQfCDOUHDG\
UHVXOW LQ $8& YDOXHV VLJQLILFDQWO\ ODUJHU WKDQ  ,QGHHG
WKHUDQGRPDOORFDWLRQRIRCHOHPHQWVKDVDVPDOOHUHIIHFWLQ
WKHYDULDELOLW\RI WKHQHWZRUN UHVSRQVH LI WKHQHWZRUNVL]H LV
LQFUHDVHG$GHWDLOHGGLVFXVVLRQFDQEH IRXQG LQ >@ ,Q WKH
SUHVHQFH RI LQSXW YDULDELOLW\ WKH SURSRVHG PRGHOEDVHG
PHWKRG UHG FXUYHV HQMR\V D VLPLODU LPSURYHPHQW LQ WKH
GHWHFWLRQ FDSDELOLW\ DV WKH QHWZRUN VL]H LQFUHDVHV+RZHYHU
E\XVLQJRQO\ WKH FXUUHQWZDYHIRUPV EOXH FXUYHV WKH OLPLW
RIGHWHFWLRQIRUDGHFUHDVHLQfCOHIWKDQGVLGHRIWKHJUDSKV
LV DSSUR[LPDWHO\ WKH VDPH IRU WKH WKUHH QHWZRUN VL]HV 7KLV
ILQGLQJFDQEH LQWHUSUHWHGE\QRWLQJ WKDW WKH LQSXWYDULDELOLW\
KDVDPRUHGHWULPHQWDOHIIHFWRQWKHGHWHFWLRQFDSDELOLW\ZKHQ
fCLVVPDOOHUWKDQWKHQRPLQDOYDOXHDVGLVFXVVHGZLWKUHVSHFW
WR)LJXUHVDQG
3/$&,1*7+(352326('0(7+2',1$
%52$'(5&217(;772'(7(&7
&20326,7,21$/&+$1*(6,1',(/(&75,&6
7KH SURSRVHG VFUHHQLQJ DQDO\VLV PHWKRGRORJ\ LV ZHOO
WDLORUHGWRLGHQWLI\PLQXWHFRPSRVLWLRQDOFKDQJHVLQPDWHULDOV



)LJXUH$UHDXQGHUWKH52&FXUYHIRUVPDOOGHYLDWLRQVIURPWKHQRPLQDO
FRPSRVLWLRQ7KHHUURUEDUVFRUUHVSRQGWRrVLQWHUYDOV7KHLQVHWVKRZVWKH
VPDOOHVW GHYLDWLRQV IURP WKH QRUPDO FRPSRVLWLRQ EH\RQG ZKLFK WKH HQWLUH
HUURUEDUVDUHDERYH
WKDWKDYHPLFURVWUXFWXUHVFRQWDLQLQJFRQGXFWLQJDQGGLHOHFWULF
SKDVHVZKLFKFDQEHGHVFULEHGE\5&QHWZRUNVVXFKDVWKRVH
FRQVLGHUHG KHUHLQ ,Q DGGLWLRQ WKH SURSRVHG VWDWLVWLFDO
IUDPHZRUN FDQ SURYLGH QHZ LQVLJKWV LQ FRPSOH[ GLIIXVLYH
FKDUJHWUDQVSRUWSURFHVVHVLQPHVRVFRSLFGHYLFHVWKDWGLVSOD\
:DUEXUJ OLNH LPSHGDQFHV DQG HQDEOH WKH VWXG\ RI FKDUJH
WUDQVSRUWDFURVVDZLGH UDQJHRIGLHOHFWULFVDQGIHUURHOHFWULFV
>@ )URP D WHFKQRORJLFDO SHUVSHFWLYH WKHUH LV VFRSH WR
DGRSWWKHFRPELQHGPHWKRGRORJ\RIXVLQJRCQHWZRUNPRGHOV
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
DQG VFUHHQLQJ DQDO\VLV WR UHSURGXFH DQG VWXG\ SRVVLEOH
DOWHUDWLRQVLQWKHUHVSRQVHRIVROLGSRO\PHUHOHFWURO\WHVIRUPHG
E\WKHGLVWULEXWLRQRIDONDOLPHWDOVDOWVHJ/L&O2LQSRO\PHUV
HJ 300$ 3$1 3(2 39')ZKLFK DUH UHFHQWO\ ILQGLQJ
QHZDSSOLFDWLRQ LQKLJKHQHUJ\HOHFWURFKHPLFDOGHYLFHVGXH WR
WKHLU OLJKW ZHLJKW IOH[LELOLW\ DELOLW\ WR IRUP LQWULFDWH VKDSHV
DQGORZPDQXIDFWXULQJFRVW>@
7KHSURSRVHGPHWKRGRORJ\PD\DOVREHFRPELQHGZLWKWKH
XVHRIRWKHUV\VWHPLGHQWLILFDWLRQWRROV>@DQGVKRXOGKDYH
DSSOLFDWLRQVDFURVVDOOLPSHGDQFHVSHFWURVFRS\LQYHVWLJDWLRQV
WKLV FDQEHSDUWLFXODUO\ XVHIXO LQ HPHUJLQJ ILHOGVRISK\VLFDO
FKHPLVWU\VXFKDVV\QWKHWLFPHWDOV>@ZKHUH.DQ]DNLIRUFHV
DQG WKH JUDGLHQW RI WKH HIIHFWLYH LQWHUDFWLRQ SRWHQWLDO FDQ EH
UHODWHGWRWKHPHDVXUHGGLVSODFHPHQWVLQDOOR\V>@
$QRWKHU SDUWLFXODUO\ LQWHUHVWLQJ DSSOLFDWLRQ GRPDLQ RI
FRPELQLQJVFUHHQLQJDQDO\VLVWHFKQLTXHVZLWKQHWZRUNPRGHOV
LV LQ LGHQWLI\LQJ PLQXWH FRPSRVLWLRQDO FKDQJHV LQ VDPSOHV
GLVSOD\LQJ D SKRWRLQGXFHG JLDQW GLHOHFWULF FRQVWDQW DV LV
IRXQG LQ OHDG KDOLGH SHURYVNLWH VRODU FHOOV >@ 2WKHU
DSSOLFDWLRQGRPDLQV DUH LQTXDOLW\FRQWURO IRUQDQRVWUXFWXUHG
FHUDPLFV>@RUWKHVWXG\RIWKHHIIHFWVRISRURVLW\HOHFWURGH
DQG EDUULHU PDWHULDOV RQ WKH FRQGXFWLYLW\ RI SLH]RHOHFWULF
FHUDPLFV LQ KLJK KXPLGLW\ DQG GF HOHFWULF ILHOG >@ RU
JHQHUDOO\ WR VWXG\ WKH GHJUDGDWLRQ RI SLH]RHOHFWULF PDWHULDOV
>@ DV ZHOO DV LQ VXSHUFDSDFLWRUV UHVHDUFK >@ 0RUHRYHU
FRPSRVLWLRQDO FKDQJHV FRXOG EH LQYHVWLJDWHG LQ
HOHFWURFKHPLFDOVWXGLHV>@DQGGLVSHUVLRQFKHPLVWU\ZLWK
DSSOLFDWLRQV LQ VHPLFRQGXFWRU VXUIDFH VWDWHV FROORLGDO
VHPLFRQGXFWRUVDQGVXUIDFHR[LGHV>@
7KHSURSRVHGPHWKRGRORJ\PD\DOVREHDSSOLHGWRYDULRXV
VSHFWURVFRSLF LQYHVWLJDWLRQV DFURVV WKH HOHFWURPDJQHWLF
VSHFWUXP 6XFK DSSURDFKHV LQFOXGH GDWDVHWV REWDLQHG XVLQJ
FRQWLQXRXV ZDYH )RXULHU WUDQVIRUP VSHFWURPHWHUV DV ZHOO DV
WLPH GRPDLQ VSHFWURPHWHUV XVLQJ IHPWRVHFRQG ODVHUV
0RUHRYHU HPSLULFDO PRGLILFDWLRQV RI WKH 'HE\H UHOD[DWLRQ
VXFKDV WKH&ROH&ROHHTXDWLRQ&ROH'DYLGVRQHTXDWLRQ WKH
+DYULOLDN±1HJDPL UHOD[DWLRQ DQG .RKOUDXVFK±:LOOLDPV±
:DWWV IXQFWLRQ )RXULHU WUDQVIRUP RI VWUHWFKHG H[SRQHQWLDO
IXQFWLRQ DUH DOO FRPSDWLEOH ZLWK WKH 5& ODWWLFH UHVSRQVHV
DVVXPHG > @)XUWKHUPRUH DSSOLFDWLRQV FDQEH IRXQG LQ
PLFURZDYHSHUPLWWLYLW\VWXGLHV>@RULQVWXGLHVRIGLHOHFWULF
UHOD[DWLRQRIVDOWVROXWLRQV>@3UHYLRXVZRUNRQWKHXVHRI
V\VWHPV LGHQWLILFDWLRQ DOJRULWKPV IRU WKH FDOFXODWLRQ RI WKH
FRPSOH[ LQVHUWLRQ ORVV RI D VDPSOH RQ WKH EDVLV RI DFTXLUHG
7+] VSHFWUD IURP FRQWLQXRXV ZDYH RU 7+] WUDQVLHQW
VSHFWURPHWHUV >  @ LV DOVR FRPSDWLEOH ZLWK WKH
SURSRVHGVWDWLVWLFDOIUDPHZRUN
2WKHU UHFHQW VWXGLHVZKHUH WKH SURSRVHG VWDWLVWLFDOPRGHOV
VKRXOG SURYH SDUWLFXODUO\ UHOHYDQW WR WKH GLHOHFWULFV
FRPPXQLW\ LQFOXGH LQYHVWLJDWLRQV RI PLQXWH FKDQJHV LQ
FRPSRVLWLRQ DVVRFLDWHG ZLWK D FKDQJH LQ WKH GLHOHFWULF
UHVSRQVH RI YDULRXV SDUWLDOO\ FXUHG HSR[\ QDQRFRPSRVLWHV
>@ VWXGLHV RI FKDUJH WUDQVSRUW DQG TXDOLW\ FRQWURO LQ
SRO\HWK\OHQH QDQRGLHOHFWULFV >@ DV ZHOO DV UHOD[RU
WHUSRO\PHUQDQRFRPSRVLWHV>@SHUIRUPDQFHLQSLH]RHOHFWULF
ILOPV>@RUTXDOLW\FRQWUROLQHQDPHOLQVXODWLRQ>@DVZHOO
DV RWKHU GLHOHFWULF LQVXODWRUPDWHULDOV DV GLVFXVVHG LQ >@ DQG
UHIHUHQFHVWKHUHLQ
7KHZRUNDOVRSRLQWVWRZDUGVWKHIXUWKHUGHYHORSPHQWRID
VWDWLVWLFDO IUDPHZRUN WR EH XVHG LQ GHFRQYROXWLRQ WHFKQLTXHV
IRU VSDFH FKDUJH UHFRYHU\ XVLQJ SXOVHG HOHFWURDFRXVWLF
PHWKRGV >@ DQG RWKHU VSDFH FKDUJHPHDVXUHPHQWV >@
LQ YROWDJHWLPH FKDUDFWHULVWLF FXUYHV >@ DV ZHOO DV HOHFWULF
PRGXOXVVWXGLHV>@DQGFRXOGEHDGRSWHGLQDZLGHUDQJHRI
VWXGLHV IRUH[DPSOH IRU WKHGHWHFWLRQRIFKDQJHV LQPRLVWXUH
FRQWHQW LQ WKHFHOOXORVLFSDUWRISRZHU WUDQVIRUPHU LQVXODWLRQ
>@VWXGLHVRIFKDUJHG\QDPLFVLQPLQHUDORLOV>@WLPH
GRPDLQ GLHOHFWULF UHOD[DWLRQ VWXGLHV RQ FKDUJLQJ DQG
GLVFKDUJLQJ FXUUHQW RI IHUURHOHFWULF FHUDPLFV >@ QRQOLQHDU
UHOD[DWLRQDOSRODUL]DWLRQ>@RUFRXOGDFFRXQWIRUYDULDWLRQLQ
WKHGLHOHFWULFUHVSRQVHRIWUDQVIRUPHURLOV>@$OWHUQDWLYHO\
LW FDQ DFFRXQW IRU VWDWLVWLFDO YDULDWLRQ LQ WKH FRUUHODWLRQ
EHWZHHQYROXPHHIIHFWDQGOLIHWLPHUHOD[DWLRQWLPHVREVHUYHG
LQH[SHULPHQWDOVWXGLHV>@RUDFFRXQWIRUVWDWLVWLFDOYDULDWLRQ
LQVWXGLHVRILRQPRELOLWLHVLQQRQSRODUGLHOHFWULFOLTXLGV>@
RUZKHQGLVFXVVLQJWKHGLHOHFWULFUHVSRQVHRIVDPSOHVREWDLQHG
XVLQJ KLJKHU RUGHU VSHFWURVFRSLHV >@ )LQDOO\ DQRWKHU
SRVVLEOHDSSOLFDWLRQGRPDLQLVLQSURYLGLQJDQDOWHUQDWLYHZD\
IRUXQGHUVWDQGLQJUHOD[DWLRQIXQFWLRQVLQJODVVHV>@
$IXUWKHUDGYDQWDJHRIWKHSURSRVHGPHWKRGRORJ\LVWKDWLW
PD\ EH OLQNHG WR WKH OHYHO RI SUHFLVLRQ QHHGHG ZKHQ
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&RLPEUD 6LQFH  KH KDV EHHQZLWK WKH IDFXOW\ RI
WKH(OHFWURQLF(QJLQHHULQJ'HSDUWPHQWRI ,7$ZKHUH
KH LV FXUUHQWO\ DQ $GMXQFW 3URIHVVRU RI 6\VWHPV DQG
&RQWURO+LV UHVHDUFK LQWHUHVWV LQFOXGH IDXOW GLDJQRVLV
DQGSURJQRVLVDQGURERWLFV


-RVp 5REHUWR &RORPER -XQLRU UHFHLYHG WKH %6F
GHJUHH LQ HOHFWULFDO HQJLQHHULQJ IURP 8QLYHUVLGDGH
(VWDGXDO 3DXOLVWD -~OLR GH 0HVTXLWD )LOKR 81(63
%UD]LO LQ  DQG WKH06F GHJUHH LQ V\VWHPV DQG
FRQWURO IURP ,QVWLWXWR 7HFQROyJLFR GH $HURQiXWLFD
,7$%UD]LO LQ  UHVSHFWLYHO\+H LV FXUUHQWO\ D
3K' FDQGLGDWH DW WKH 6\VWHPV DQG &RQWURO JURXS RI
,7$ +LV UHVHDUFK LQWHUHVWV LQFOXGH V\VWHP
LGHQWLILFDWLRQDQGPRGHOSUHGLFWLYHFRQWURO


6LOODV +DGMLORXFDV 0¶60¶ UHFHLYHG WKH %6F
+RQV 03KLO GHJUHHV LQ SXUH DQG DSSOLHG ELRORJ\
IURP WKH 8QLYHUVLW\ RI /HHGV 8. LQ  DQG 
UHVSHFWLYHO\DQGLQD3K'GHJUHHLQF\EHUQHWLFV
IURPWKH8QLYHUVLW\RI5HDGLQJ8.$IWHUDVKRUWFDUHHU
EUHDNDWWKH*UHHNDUP\LQDQGWZRDSSRLQWPHQWV
DVDQ(&7053RVW'RFWRUDO5HVHDUFK)HOORZZRUNLQJ
RQ 7+] ,QVWUXPHQWDWLRQ DV SDUW RI WKH ,17(5$&7
SURMHFWLQ8.DQGWKH'HXWVFKHV=HQWUXPIU/XIWXQG
5DXPIDKUW '/5 %HUOLQ LQ -DQXDU\  KH ZDV DSSRLQWHG /HFWXUHU LQ
6\VWHPV (QJLQHHULQJ DW 5HDGLQJ XQLYHUVLW\ +LV H[SHUWLVH LV LQ
LQVWUXPHQWDWLRQDQGPHDVXUHPHQWDFURVVWKH2SWLFDO,57+]DQGPLFURZDYH
SDUWVRIWKHVSHFWUXPWKHVWXG\LQJRIXOWUDIDVWSKHQRPHQDXVLQJIHPWRVHFRQG
ODVHUV DQG WKH DSSOLFDWLRQ RI FRQWURO WKHRU\ DQG V\VWHP LGHQWLILFDWLRQ
WHFKQLTXHV WR VSHFWURPHWU\ DQG V\VWHPV ELRORJ\+H LV D UHYLHZHU IRUPRUH
WKDQ  GLIIHUHQW MRXUQDOV DQG$( IRU ,(((6HQVRUV+H FXUUHQWO\ VHUYHV DV
&KDLURIWKH,R3,QVWUXPHQW6FLHQFHDQG7HFKQRORJ\*URXSDQGLVD)HOORZRI
WKH,QVWLWXWHRI0HDVXUHPHQWDQG&RQWURO+HLVD&RPPLWWHHPHPEHURIWKH
'LHOHFWULFV*URXSRIWKH,R3DQGFKDLUHGWKH,R3'LHOHFWULFV&RQIHUHQFH
DW5HDGLQJ







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